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A quantum computer developed by D-Wave Systems.

Credit Kim Stallknecht for The New York Times

Todd Holmdahl will direct Microsoft’s quantum computing efforts. 

Credit Ian C. Bates for The New York Times
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Commercial Investments in QC

Superconducting QC

Superconducting QC

& Silicon QC

Topological QC

Silicon QC
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Silicon Quantum Computing
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B=2T

Spin Qubits in Silicon

• Long Coherence Times 

in Silicon at 1K:

→ Nuclear  – mins

→ Electron – ms-s

• Scalable

• Industry “Compatible”

B.E. Kane, Nature 393, 133 (1998)



1 nm

Silicon Qubits: Single-Atom Nanotechnologies

Jamieson, Yang, 

Hopf, Hearne, 

Pakes, Prawer, 

Mitic, Gauja, 

Andresen, Hudson, 

Dzurak and Clark,

Appl. Phys. Lett. 

86, 202101 (2005)

O'Brien, Schofield, 

Simmons, Clark, 

Dzurak, Curson, 

Kane, McAlpine, 

Hawley and Brown,

Phys.Rev. B 64, 

R161401 (2001)

Top-Down Bottom-Up
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Nature Nanotechnology
7, 242 (2012)

Science 
335 64 (2012)

Nature 
Nanotechnology 

5, 502 (2010)

Nature Nanotechnology 
9, 430 (2014)

Nano Letters 
14, 1830 (2014) Nature Materials 13, 605 (2014)

Nano Letters
11, 4376 (2011)

Atomically Precise STM-fabricated Devices
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Simmons Group
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Ion-Implanted Single-Atom Qubits

Jamieson et al., Appl. Phys. Lett. 86, 202101 (2005)

Ion Implantation:

Prof. David Jamieson

U. Melbourne

Si Device Engineering:

Prof. Andrew Dzurak

UNSW

Quantum Operations:

Prof. Andrea Morello

UNSW



Andrea Morello et al.

Phys. Rev. B 80, 081307R (2009)

Hans Huebl et al., 

Phys. Rev B 81, 235318 (2010)

Andrea Morello et al., 

Nature 467, 687 (2010)

T1e = 6s  (at 1.5T)

A. Morello et al., Nature 467, 687 (2010)

Fidelity > 90%

Si:P e-Spin Qubit: Single-Shot Readout
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Qubit Gate Operations:  P-Donor ESR & NMR

B0

Bac

 =  Electron Spin, S

 =  Nuclear Spin, IH = gBB0Sz – nB0Iz + A I  S

On-chip microwave transmission line:
J.P. Dehollain et al., Nanotechnology  24, 015202 (2013)

31P:Si

P-Donor 

Electron/Nuclear 

Spin Levels
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A. Morello et al., Nature 467, 687 (2010)

Si:P Donor Electron & Nuclear Spin Qubits

T1e = 6s  (at 1.5T)

J.J. Pla et al., Nature 496, 334 (2013)

B0 Bac
J.J. Pla et al., Nature 489, 541 (2012)
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Lattice Nuclear Spin Noise in natSi

29Si  (~5%)

31P

28Si,30Si Lattice
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Si:P Donors: Electron & Nuclear Spin Qubits in 28Si

J. Muhonen et al., Nature Nanotechnol. 9, 986 (2014)

28Si

natSi



Implanted P-atom Qubits: Scalability Pathways

2-qubit gates1-qubit gatesidle

G. Tosi et al., Nature Communications (2017) 

Morello Group

“Flip-Flop Qubits”



C.D. Hill et al., Science Advances 1, e1500707 (2015)

STM-positioned P-atom Qubits: Scalability Pathways

Simmons

Group



Silicon CMOS mass production?
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1998: An important year for spin qubits …
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Electron Spin Qubits based on Quantum Dots

Coherence times in GaAs
limited by nuclear spin bath
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Si Q-Dot Qubits: Si/SiGe Heterostructures - I

Nature 511, 70 (2014)

T2
* = 360 ns

T2
* = 2-10 ns; T ~ 50 ps;  FC = 85-94% 

28Si T2
* = 6 s

natSi

natSi



T2
* = 1 s;  T2 = 37 s

Si Q-Dot Qubits: Si/SiGe Heterostructures - II

Nature Nanotechnology 9, 666 (2014) natSi

FC = 99% via RBM - PNAS 113, 11738 (2016)

Science Advances 2, e1600694 (2016) 

T2
* ~ 2 s FC = 99.6% via RBM

EDSR - Magnet

natSi EDSR - Magnet



S.J. Angus et al., Nano Letters 7, 2051 (2007)

Silicon-MOS Quantum Dots



28SiMOS Q-Dots: 1-Qubit Gate, Fidelity > 99%

M. Veldhorst et al., Nature Nanotechnol. 9, 981 (2014)



Intel Pentium 

Silicon

MOSFET

Transistor

65nm Node

(2005) 

Silicon MOS

Single-electron

Qubit  (2014) 

SiMOS Q-Dot Qubits: CMOS Compatibilty
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100 nm

C.H. Yang et al., Nature Communications 4, 2069 (2013)

SiMOS Q-Dot: Large & Tuneable Valley Splitting, Ev



SiMOS Q-Dot = Artificial Atom: Monovalent Qubits

Leon et al., arXiv:1902.01550



SiMOS: pMOS Hole QDs

S.D. Liles et al., Nature Communications (2018) 



1-Electron Qubit 3-Electron Qubit

• ALL 1e 1-qubit gate fidelities > 99%

• Average 1e 1-qubit gate fidelity = 99.6%

1-Electron Qubit

Veldhorst et al., Nature Nanotechnology 9, 981 (2014)

SiMOS Dot Qubits in 28Si: 1-Qubit Randomized Benchmarking



Si/SiGe Dot Qubits in 28Si: 1-Qubit Randomized Benchmarking

28SiEDSR

J. Yoneda et al., Nature Nanotechnol. 13, 102 (2018)



Yang et al., Nature Electron. 2, 151 (2019)

1-Qubit Gate: GRAPE Optimized Pulses, F1Q = 99.96%



Yang et al., Nature Electron. 2, 151 (2019)

Silicon-MOS Q-Dot 1-Qubit Gate: F1Q = 99.96%



28Si-MOS Dots: Multi-Qubit Devices
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SET Sensor

ESR

Drive

Reservoir

G4

G3

G2G1

Confinement

QA→

QB→

QC→

x

AlOx

28Si

Aluminium

1 Gate  1 Qubit

x

28Si-MOS Dots: Multi-Qubit Devices



28Si-MOS Dots: Operation of 3 Independent Qubits

SET Sensor

Reservoir

G1

G2
G3

G4

Q1→

Q2→

Q3→
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M. Veldhorst et al., Nature 526, 410 (2015)

CMOS Qubits: First 2-Qubit Logic in Silicon



SiMOS Q-Dots: CNOT via CZ & 2-Spin Correlations

M. Veldhorst et al., Nature 526, 410 (2015)



2-Qubit Algorithms: Si/SiGe Double-QD

T.F. Watson et al., Nature (2018) - doi:10.1038/nature25766

natSi

Bell State F = 89%

EDSR - Magnet



Petta group (Princeton) – Si/SiGe QDs:

• Resonantly driven rather than 

waiting for phase accumulation

• Exchange gate to manipulate 

exchange coupling

• Measured Bell states (F = 78 %)

and demonstrated entanglement

Si/SiGe two-qubit gates: Resonant CNOT

Zajac et al., Science 359, 439 (2018)



Huang et al., Nature 569, 532 (2019)

28SiMOS QDs: Two-Qubit Fidelity via RB

RGG4

G3
G2

G1
CB

28Si

Al

SiO2

natSi



I1

I2

I

II1

I2
C

C

Initialization process for two qubits

• Hot-spot relaxation close to 

(0,1)-(1,0) improves initialization 

fidelity of Q1
Watson et al., Nature 555, 633 (2018)

Zhao et al., arXiv:1707.05217

𝑇1 ≈ 14 𝜇𝑠

Wait time (𝜇𝑠)
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Huang et al., Nature 569, 532 (2019)



R1

R2
U

C

C R2 U

R1

Readout process for two qubits

• Shuttling Q1 from D1 to D2 is advantageous over 

reading out Q1 at the (1,0)-(0,0) transition directly, due 

to the slow tunneling rate from D1 to the reservoir.

Huang et al., Nature 569, 532 (2019)



R1

R2
U

C

𝐸𝑧 39.17 GHz

𝛿𝐸𝑧 13.72 MHz

𝐽 2.51 MHz

ΩR 0.35-0.55 MHz

Conditional control

• Lines clearly split by 𝜹𝑬𝒁 and 𝑱
→ conditional and selective 

addressing

Huang et al., Nature 569, 532 (2019)



Conditional rotations

• Every MW 

pulse is a 

conditional 

qubit gate

• Single qubit 

gates require 

2 MW pulses 

(either serial 

or parallel)

Huang et al., Nature 569, 532 (2019)



• Projected to 𝑿,−𝑿 , 𝒀 , 𝒁 axis

• 8960 single shots

• Corrected for readout error

෩↑↓

෩↓↑

↑↑

↓↓

𝑓
1↓

−
𝜋
2

𝑓2↓
−𝜋

𝑓2↑
𝜋

Bell state tomography

Huang et al., Nature 569, 532 (2019)



• Single qubit : 24 Clifford gates

• Two qubit : 11520 Clifford gates

• Project to ۧȁ↑↑ final state.

• 𝐏 = 𝑨
𝟏

𝟒
+

𝟒

𝟑
𝑭𝑪𝒍𝒊𝒇𝒇𝒐𝒓𝒅

𝑳
+ 𝑩

• SPAM errors absorbed by parameters 𝑨 and 𝑩

Two-qubit randomized benchmarking

Huang et al., Nature 569, 532 (2019)



• 51 random Clifford 

sequences per L data point

• 𝑃 = 𝐴
1

4
+

4

3
𝐹𝐶𝑙𝑖𝑓𝑓𝑜𝑟𝑑

𝐿
+ 𝐵

• Gate fidelities:

𝑭𝐂𝐥𝐢𝐟𝐟𝐨𝐫𝐝 = 𝟗𝟒. 𝟕 ± 𝟎. 𝟖 %

𝑭𝐩𝐫𝐢𝐦𝐢𝐭𝐢𝐯𝐞 = 𝟗𝟖. 𝟎 ± 𝟎. 𝟑 %

𝑭𝝅/𝟐
𝐜𝐨𝐧𝐝 = 𝟗𝟗. 𝟎 ± 𝟎. 𝟐 %

2-Qubit Randomized Benchmarking in Silicon

Huang et al., Nature 569, 532 (2019)



• Frequency jumps of 

up to 600 kHz for Q1

• Much smaller jumps 

for Q2

• Q1 and Q2 jumps are 

uncorrelated

→ No B0 or MW 

source noise

• 𝐽 very stable + SET 

charge sensor stable

→ Not charge noise

ESR Frequency Tracking: 12 hours

➔ Residual 29Si nuclei couple locally to the qubits

Huang et al., Nature 569, 532 (2019)



29Si Nuclear Spin Qubit: Possible Quantum Memory

B. Hensen et al., arXiv:1904.08260



Scalability

of Silicon

Spin Qubits
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Medium-term Vision: Error-corrected 1D Architecture

PRX - June 2018



Requirements achieved: 

✓ Single-shot spin-blockade readout 

✓ Coherent control of spin-pairs in 

singlet-triplet basis

✓ Individual ESR spin addressability

Key Components for Parity Readout in SiMOS QDs

M. Fogarty et al., Nature Communications 9, 4370 (2018)



Fault-tolerant Scalibility: Surface Codes

A.G. Fowler et al., PRA 86, 032324 (2012)



M. Veldhorst et al., Nature Comms. 8, 1766 (2017)

QD Qubits: Scalability Concepts



Industrial Manufacture: Uniformity, Integration

Maurand et al., Nature Communications 7, 13575 (2016)



Scalability: Reducing wiring complexity

J.I. Colless et al., Phys. Rev. Lett. 110, 046805 (2013)



M. Veldhorst et al., Nature Comms. 8, 1766 (2017)

CMOS QD Qubit Processor: Dispersive Readout



56

Dispersive Gate Sensing: Compact, Scalable

Jones et al., PRX 8, 021058 (2018) 
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Single-Shot Dispersive-Gate Spin Readout

A. West et al., Nature Nanotechnol. 14, 437 (2019)

Bas HensenAnderson West

David ReillyAlexis Jouan



Optimized Device for Dispersive Gate Readout
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G
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A. West et al., Nature Nanotechnol. 14, 437 (2019)



Dispersive Gate Charge Sensing: (0,1) – (1,0) 

SET

Signal

DGS

Signal

Signal-to-Noise

Ratio (SNR)
In-phase (I) & 

Quadrature (Q)

DGS Signal

[for SNR = 2]

A. West et al., Nature Nanotechnol. 14, 437 (2019)



Pauli Spin Blockade (PSB)

ȁ ۧ𝑆 ȁ ۧ𝑆

ȁ ۧ𝑆 ȁ ۧ𝑇−

(0,4)(1,3)

ȁ ۧ𝑆 ȁ ۧ𝑇+ ȁ ۧ𝑆 ȁ ൿ𝑇0

(0,2)(1,1)

Spin blockade region: 

• Spin triplet states are blocked from tunnelling from (1,1) to (0,2)

• No tunnelling → No dispersive shift

→ Enables gate-based dispersive spin readout

• We do not observe PSB at (1,1)-(0,2) transition  Ev < kTe, or noise level 

• We do observe PSB at (1,3)-(0,4) transition  Eorb > Ev

A. West et al., Nature Nanotechnol. 14, 437 (2019)



Differential Signal
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𝑡 Acquisition time per plot ~ few mins

SET
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Initialize

|S
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|S or |T

A. West et al., Nature Nanotechnol. 14, 437 (2019)



|S – |T
−
 Mixing: Spin Funnel via DGS

ε
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A. West et al., Nature Nanotechnol. 14, 437 (2019)



S-T Single-Shot Spin Readout via DGS

ε RO

1
2

3

1
2

3

𝑉𝐺

𝑡

RO

∆𝜑 (mrad)
-0.3 -0.9

3 ms readout time

per single-shot 

data point

B=250mT

Prepare |S

Mix |S & |T
∆
𝐼

(p
A

)

30

-50

∆𝜑 (mrad)
-0.3 -0.9

S
E

T
 S

ig
n

a
l

DGS Signal

Singlet

Triplet

Calibrating signal levels

with SET sensor to set 

DGS threshold:

→ DGS RO Fidelity = 70%   

A. West et al., Nature Nanotechnol. 14, 437 (2019)



Single-Shot Gate-based Spin Readout in Silicon

SiMOS QDs

STM P-donor QDs

Si/SiGe QDs

Si CMOS QDs

Zheng, Vandersypen et al. – TU Delft

arXiv:1809.01864

arXiv:1809.01802; PRX (2018)

arXiv:1809.04584
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Scalability – Wiring Fan-out: Problems & Solutions 

L.M.K. Vandersypen et al., npj Quantum Information 3, 34 (2017)



Scalability: Coupling Spin to Microwave Photons

X. Hu, Y. Liu, F. Nori, Phys. Rev. B 86, 035314 (2012)



Scalability: Coupling Spin to Microwave Photons

X. Mi et al., arXiv:1710.03265; N. Samkharadze et al., Science (2018) 



M. Veldhorst et al., Nature Comms. 8, 1766 (2017)

What about power dissipation? 



SiMOS QD Qubit Operation at 1.5 Kelvin

 1.5 K performance comparable to natSi at 100 mK !

H. Yang et al., arXiv:1902.09126



H. Yang et al., arXiv:1902.09126

SiMOS QD Qubit Operation at 1.5 Kelvin



Silicon Quantum Computing
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